Since reform and opening-up, China's energy consumption has been soaring largely due to the country's rapid economic development and urbanization [1] . As a result, CO 2 emissions from the household sector have been rapidly increasing [2] . China-now the second largest global economy and the largest CO 2 emitter [3] -has been making efforts to aggressively reduce CO 2 emissions and protect the environment. In line with the Paris Climate Change Agreement, China submitted its Nationally Determined Contribution (NDC) and pledged to achieve peak CO 2 emissions by 2030.
Climate change mitigation researchers have mainly focused on CO 2 emissions generated by the industrial sector, but attention has gradually shifted to the household sector in recent years [4] [5] [6] [7] . Household CO 2 emissions (HCEs) come from both direct (e.g., coal, oil and gas, etc.) and indirect (e.g., food, clothing, medical, etc.) consumption of household goods and services. The CO 2 emissions related to these sources are referred to as direct and indirect HCEs, respectively.
In China, HCEs are a major sources of CO 2 emissions and are increasing exponentially-largely due to improvements in the economy and living standards-currently accounting for 35%-40% in total CO 2 emissions [8, 9] . However, most global action frameworks for reducing CO 2 emissions are targeted at the national level and the individual differences in emission sources within nations are seldom considered [4, 7] .
Moreover, studies on HCEs have been mainly based on national statistical yearbook data, and many researchers have recommended the need to investigate regional disparity using sample surveys [10, 11] . Comparison of HCEs based on household survey data could: (1) eliminate central tendency (average effect); (2) reveal disparities between different regions, provinces and urban and rural areas; (3) provide a more scientific basis for governments and policy-makers in designing a low carbon society; and (4) prioritize investment of scarce resources. In China, although there are a number of HCEs studies, these are limited both in terms of small sample sizes and areas surveyed. There have been virtually no large household surveys of HCEs conducted. This study, which assessed both direct and indirect HCEs from the mainland of China and analyzed the impact of income on HCEs, is a start in this direction.
Realizing the importance of comprehensive HCEs research, we did our project ''Chinese Household CO 2 Emissions Assessment (CHCEA)" in 2011. Subsequently, we developed a questionnaire, pre-tested it and then implemented it through experienced and trained researchers during 2011-2013. The year 2012 was set as the research period since the data were mainly gathered in 2012. In total, 8,130 urban households and 7,513 rural households across 31 mainland provinces in China were randomly selected and interviewed. Assessment of HCEs was based on IPCC's Reference Approach, Input-output Analysis and Consumer Lifestyle Approach [4, 7] . Other studies have indicated the impact of per capita income on per capita household CO 2 emissions in China [3, 6] . Based on the collected data, this paper assesses the impact of income on indirect and indirect HCEs and basic and development HCEs. Moreover, it also classifies the provinces on the basis of their per capita income and HCEs.
In order to investigate the impact of income on HCEs, seven income group categories were identified according to the classification methods of China Statistical Yearbook. As shown in Fig. S1a (online), we found that there was a strong positive correlation between per capita income and per capita HCEs, with an R 2 value of 0.9395. Per capita HCEs of the highest income level households were 3.74 times than those of the lowest income level households.
As shown in Fig. S1b (online), per capita HCEs from direct and indirect carbon emission sources as well as basic (related to basic needs) and development (related to development needs) demands, increased with greater per capita income. The HCEs from direct and indirect household consumption accounted for 33.33% and 66.67% in the lowest income level households, and for 19.11% and 80.89% in the highest income level households, respectively. Similarly, HCEs from basic and development energy usage accounted for 82.44% and 17.56% in the lowest income level households, and for 71.49% and 28.51% in the highest income level households, respectively. With an increase in income, indirect and basic HCEs were identified as the major contributors to total HCEs. This finding is concurrent with Qu et al. [7] , who reported that energy consumption due to the use of indirect goods and services is 2.44 times greater than that for the use of direct goods and services.
Per capita direct and indirect HCEs for the highest income level households were 2.14 times and 4.53 times higher, respectively, than those for the lowest income level households. Similarly, per capita basic and development HCEs for the highest income level households were 3.24 times and 6.07 times higher, respectively, than those for the lowest income level households. The higher direct and indirect HCEs at higher income levels meant that more goods and services were consumed. Higher per capita HCEs from basic and development demands for higher income levels was mainly caused by their improving living standards. The results in this work are consistent with the findings of Qu et al. [4] .
Using entire dataset from 31 provinces, we first estimated the average per capita income and average per capita HCEs. We then classified all the provinces into four different groups on the basis of this information: (1) ''HH"-provinces whose per capita income and per capita HCEs were both higher than the average levels; (2) ''HL"-provinces whose per capita income was higher and HCEs was lower than the average levels; (3) ''LH"-provinces whose per capita income was lower and HCEs was higher than the average levels; (4) ''LL"-provinces whose per capita income and per capita HCEs were lower than the average levels.
As shown in Fig. 1 , 10 provinces were in the ''HH" category, including: (1) four municipalities (Shanghai, Beijing, Tianjin and Chongqing); (2) three of the wealthiest provinces (Jiangsu, Guangdong and Shandong); and (3) three industrial (higher concentration of energy industries) provinces (Liaoning, Jilin and Inner Mongolia). The five provinces with ''LH" type (Xinjiang, Shanxi, Heilongjiang, Hebei and Qinghai) were concentrated in northern China. Fourteen provinces belonged to ''LL" type, which included northwest China (Gansu, Ningxia and Shaanxi), southwest China (Yunnan, Sichuan, Guizhou and Tibet), south China (Guangxi, Hainan and Fujian), and the central China (Henan, Anhui, Hunan and Jiangxi), where had low-level per capita income and HCEs. Two provinces, Hubei and Zhejiang, were grouped under the ''HL" type.
As noted, there was a direct relationship between per capita income and HCEs from different carbon emission sources. As shown in Fig. S2 (online), we divided HCEs based on whether they were from direct, indirect, basic and development energy consumption, and then analyzed the influence of per capita income on them. We found that Shanghai, Beijing, Tianjin, and Inner Mongolia were all in ''HH" type, Shanxi was in ''LH" type, Guangxi, Anhui, Yunnan, Henan, and Sichuan were all in ''LL" type, and Hubei was in ''LH" type. It was evident that per capita HCEs of the different carbon emission structure of different provinces was unequal. For example, the rich cities such as Shanghai, Beijing, and Tianjin still had high-level per capita direct and indirect, basic and development HCEs, while the less affluent provinces such as Guangxi, Anhui, Henan and Sichuan had with lower per capita HCEs from different sources. Zhejiang's per capita income was high, while it also had low-level direct and basic per capita HCEs, resulting in low-level per capita HCEs. At the same time, these less affluent provinces such as Xinjiang, Shanxi, Heilongjiang and Hebei had higher per capita direct and basic HCEs, leading to higher overall HCEs.
With increased income, the biggest increase in HCEs occurred in indirect and development demands for the different provinces. At even finer scales, within both direct and indirect carbon emission structure as well as basic and development demands, per capita HCEs varied by the household size and age structure, education level and income level of the occupants. In China, overall, indirect consumption of goods and services is the main source of HCEs [8] . This is further validated by our study. As noted, per capita indirect HCEs were higher than those of direct HCEs for all income groups. When we looked at the trend over the 17-year period from 1995 to 2011, indirect HCEs in rural areas increased more rapidly than those in urban areas [10, 11] . This suggests that indirect sources of HCEs should be equally scrutinized.
Per capita HCEs were relatively higher in a couple of less affluent provinces such as Xinjiang, Shanxi, Heilongjiang and Hebei; there are two main reasons for this: (1) northern areas experience freezing temperatures in winter and the government provides free coal powered heating for homes and offices, while such heating systems did not exist in southern China; and (2) the government has developed a district heating system in north China but not in south China. Due to rapid urbanization, the area served by district heating system has increased exponentially in recent years, accounting for more than 4% of total carbon emissions in China [10] .
In general, in all provinces, the living standard of people in China is expected to grow which may lead to increasing HCEs due to direct and indirect, basic and development energy demand. However, people's lifestyle, household size, age structure, household equipment and energy sources vary between different provinces, resulting in different levels of energy consumption/ efficiency and thus HCEs. Similarly, different ways of heating, cooling and cooking also lead to a significant provincial differences in HCEs. Further, geographical factors, such as geographical location, climatic condition, topography and altitude, vary widely among different provinces. Such provincial differences are reflected in the way that the energy is used and the amount of the energy usage from the different categories (direct and indirect, basic and development) of energy demand, leading to significant difference in HCEs.
Our results indicate that per capita income had a strong positive effect on HCEs before the development needs are saturated. Understanding the trends and magnitude of income impact on HCEs is crucial in developing and refining climate change adaptation and mitigation policies, including local adaptation policy, economic policy and low carbon policy. Such analysis will assist governments to identify problematic areas and prioritize scarce resources. For example, governments can promote economic policies by enhancing people's awareness of saving and mastering low-carbon construction systems. Meanwhile, LPG and electricity generated from renewable sources should gradually replace coal and petrol as energy sources. Governments can then also focus on research to improve energy efficiency and thereby reduce energy demand. This study provides insights into the impact of income on HCEs from different regions of China. However, it is still a preliminary research owing to a number of limitations: (1) while this work enabled the benchmarking of HCEs and preliminary analysis of income inequality, it was insufficient to provide the rationale behind the disparities; and (2) being a large country, there are vast variations in climatic conditions, heating systems, household size, and the affordability and accessibility of fuels across China, thus, significant differences in the consumption of good and services. This research could not examine all potential determinants of HCEs at different temporal and spatial scales. Our follow-up research will address these issues.
